The melting and crystallization behaviour of random copolymers of propene with 1-butene, 1-pentene and 1-hexene synthesized with the catalyst system (CH 3 ) 2 Si(2-methylbenz[e]indenyl) 2 ZrCl 2 /methylaluminoxane (MAO) were investigated by differential scanning calorimetry and crystallization analysis fractionation (CRYSTAF). The melting and crystallization temperatures decreased linearly with increasing comonomer content. The depressions of the melting and crystallization temperatures are strongly dependent on the nature of the monomer and are more pronounced for copolymers of propene with 1-hexene than with 1-butene. In comparison to 1-hexene and 1-butene, the incorporation of 1-pentene leads to an intermediate behaviour. This is in contrast to the behaviour of copolymers of propene with longer chain 1-olefins, where the melting and crystallization temperatures are independent of the comonomer type. The depressant effects of the amount of comonomer incorporated on the melting and the crystallization temperatures are equal.
Introduction
The amount of short chain branches as well as their distribution in ethene or propene copolymers with higher 1-olefins are determining factors of important polymer properties such as the degree of crystallinity, density as well as the melting and crystallization behaviour. Therefore, the thermal behaviour and morphology of homogeneous ethene/higher 1-olefin copolymers have been extensively studied 1 [1] [2] [3] [4] [5] . In a preceding communication we reported on the melting and crystallization behaviour of random copolymers of propene with 1-octene, 1-decene, 1-tetradecene and 1-octadecene [6] . The melting and crystallization temperatures of these copolymers decreased linearly with increasing comonomer content, but were independent of the comonomer type.
Flory developed a general theory for the melting of copolymers on the basis of phase equilibrium under the assumption that the minor co-unit does not enter the crystal lattice [7] . Considering a chain consisting of A and B units, where the B units are not crystallizable, i.e., excluded from the crystal lattice, Eq. (1) is applicable [8, 9] .
m T and T are the equilibrium melting points of the copolymer and the perfect regular homopolymer, respectively, ∆H o m u is the heat of fusion per crystallized unit, and p is the sequence propagation probability describing the probability for a given stereo-unit selected at random to be followed by a unit with the same structure and configuration. The Flory equation predicts a significant melting point depression with a decrease of polymer regularity.
The most significant consequence of Eq. (1) is that the melting temperature of a copolymer, in which only one type of unit is crystallizable, depends only on the sequence propagation probability, p, and not directly on composition. Therefore, copolymers with similar composition but different propagation probabilities, e.g., block, random and alternating copolymers, feature widely varying melting temperatures. The melting temperature of a copolymer does not depend on the specific chemical nature of the comonomer, but on the mole fraction, X A , of comonomer incorporated. For random copolymers with low values of X A the simplified Eq. (2) describing a linear relationship between T m and X A is applicable [9, 10] .
For ethene/1-octene copolymers investigated by CRYSTAF, Monrabal et al. reported a linear decrease of the crystallization temperature with increasing 1-octene content and employed the Flory theory to explain the experimental results [10] . Investigating random propene/higher linear 1-olefin copolymers, we could previously demonstrate that the crystallization temperature studied by differential scanning calorimetry (DSC) and CRYSTAF showed a similar behaviour as observed for the melting temperatures [6] . At constant cooling rate, the peak temperatures of the crystallization curves are only dependent on the amount of comonomer but independent of the nature thereof. Furthermore, the comonomer amount has an equally depressant effect on the melting temperature and the crystallization temperature regardless of whether crystallization occurred from melt (DSC) or from dilute solution (CRYSTAF). Hence, plotting in one graph the melting temperature, the crystallization temperature recorded by DSC and the crystallization temperature recorded by CRYSTAF for random propene/higher 1-olefin copolymers against the amount of comonomer leads to three parallel lines.
The aim of the present investigation is to establish whether the independence of melting and crystallization temperature depressions from the comonomer type as reported for propene copolymers with 1-octene, 1-decene, 1-tetradecene and 1-octadecene holds true for propene copolymers with shorter side chains [6] . In this paper we report on the melting and crystallization behaviour of copolymers of 1-propene with a low content of short chain 1-alkenes, namely 1-butene, 1-pentene and 1-hexene.
Results and discussion
Copolymers of propene with 1-butene, 1-pentene and 1-hexene were synthesized utilizing (CH 3 ) 2 Si(2-methylbenz[e]indenyl) 2 ZrCl 2 (MBI)/MAO (Scheme 1) [11] . All the copolymers had a narrow polydispersity as expected for polymers obtained by metallocene catalysts and possessed high molar masses between 300 000 and 700 000 g/mol (Tab. 1). The amount of comonomer incorporation was restricted to low contents in order to ensure the formation of solution crystallizable copolymers for the CRYSTAF experiments. Scheme 1. R = ethyl, n-propyl or n-butyl
Microstructure
The amount of comonomer incorporated into the polymer was determined by 13 C NMR spectroscopy [12] . All copolymers were moderately isotactic with [mmmm] around 0.9. Since the amount of comonomer incorporated was low, for the present study an essentially similar tacticity for all synthesized copolymers was observed. However, closer inspection of the data in Tab. 1 reveals -although small amounts of comonomer are incorporated and the effect is only marginal -a decreasing tendency of the stereoregularity. This qualitative trend is in line with a recent study in which it was demonstrated that the stereoregularity of propene copolymers prepared with MBI decreases significantly with increasing comonomer content [13, 14] .
In general the diad sequence distribution determined via 13 C NMR spectroscopy can be used for the calculation of the reactivity ratio products [15] . A random distribution of the comonomer along the chain is characterized by a product of the reactivity ratios of about 1 (r 1 ·r 2 ≈ 1). Since the investigated copolymer samples are characterized through low comonomer contents the comonomer/comonomer diads could not be observed and thus the product of the reactivity ratios could not be calculated. However, random copolymer formation under the reaction conditions is highly likely due to: (i) the absence of comonomer/comonomer diads, and (ii) results of similar studies on propene/higher 1-olefin copolymers with higher comonomer incorporation prepared with the same catalyst [13, 14] . Tab. 1. Comonomer content, melting peak temperature T m , crystallization peak temperature from melt T c (DSC) , crystallization peak temperature from solution T c (CRYSTAF) , weight-average molecular weight M w , polydispersity index M w /M n , and relative abundance of the isotactic mmmm pentad for propene/higher α-olefin copolymers a The stereoregularity of propene/pentene copolymers is not stated due to an overlap of the pentad signal with the signal of a CH 2 group in the side chain and the inherent difficulty to determine the tacticity accurately [13] .
Melting behaviour
The peak melting temperatures of the copolymers were determined by means of DSC. Since their thermal history has a significant impact on the melting behaviour of polymers, only the melting endotherms recorded in a second heating cycle were considered for this discussion. The heating and cooling rates were 10°C/min for all samples. The observed melting temperature T m decreases linearly with increasing amount of comonomer. The effect on the melting point depression is, however, strongly dependent on the nature of the comonomer and much more pronounced for 1-hexene than for the shorter chain olefin, 1-butene. The incorporation of 1-pentene leads to an intermediate behaviour. The depression curve recorded for the melting peak temperature of the propene/1-hexene copolymers can be superimposed with the corresponding curve reported earlier for copolymers of propene with 1-octene, 1-decene, 1-tetradecene and 1-octadecene ( Fig. 1) [6] . The experimental results can be explained with reference to the Flory theory, which predicts independence of the melting point depression from the type of comonomer under the precept that the comonomer does not enter the crystal lattice. Therefore, the observed deviations could indicate that branches in propene/1-olefin copolymers from butyl length onwards could be regarded as non-crystallizable units, whereas the ethyl branch and, to a lesser extent, the propyl branch could be at least partially incorporated into the lattice.
However, it must be stressed that under the experimental conditions stated in this paper, the Flory theory is not applicable, since the theory describes an equilibrium state and this paper reports on dynamic measurements. However, we are not aware of a theory that describes the melting behaviour under the stated conditions. Therefore, we like to refer to the Flory theory -at least qualitatively -in order to comprehend the observed melting behaviour.
We have now emphasized the melting temperature as function of the comonomer content. However, the melting temperature is not only influenced by the incorporated comonomer, but other factors such as tacticity and molar masses have to be taken 5 into consideration. In the present copolymer series, the influence of the former should not be dominant considering (i) the relative similar tacticities of the polymers, and (ii) that crystallization experiments monitored by DSC have shown that the influence of the molar mass is more important between 5000 and 100 000 g/mol than at the higher values reported in this study [17] .
Crystallization behaviour
It should be emphasized that the term crystallization temperature is frequently used to characterize the predetermined temperature at which a polymer is crystallized under isothermal conditions. In this paper, however, a constant cooling rate was applied, resulting in a different use for the term crystallization temperature (nonisothermal conditions). Crystallization temperatures were determined by means of DSC and CRYSTAF. For the DSC study the maximum of the endothermic peak was indicated as crystallization peak temperature from melt, T c (DSC) , at a constant cooling rate of 10°C/min (Tab. 1).
Performing CRYSTAF experiments the copolymer concentration in solution was monitored via an infrared detector while cooling the solution at a constant cooling rate of 0.1°C/min. The precipitating polymer leads to a lowering of the polymer concentration in solution, resulting in a changing concentration versus temperature profile [18] . The peak maximum of the corresponding derivative of each profile was recorded as crystallization peak temperature from solution, T c (CRYSTAF) . Fig. 2 . Peak melting and crystallization temperature determined by DSC and CRYSTAF for propene copolymers with 1-butene (■), 1-pentene (♦), 1-hexene (▲) or higher 1-olefins (∆), including 1-octene, 1-decene, 1-tetradecene and 1-octadecene [6] , as function of the comonomer content
The crystallization temperatures determined by DSC and CRYSTAF are plotted against the amount of comonomer incorporated in Fig. 2 . For comparison and clarity the melting curves from Fig.1 feature again in Fig. 2 . It is clear that the depression of the crystallization temperature is linearly related to the comonomer content. However, the incorporation of 1-butene, 1-pentene or 1-hexene afforded different curves. The slopes of the straight lines in Fig. 1 are much steeper for the 1-hexene copolymers than for the 1-butene copolymers. The propene/1-pentene copolymers show an intermediate behaviour. As for the melting curve, the two crystallization curves for the propene/1-hexene copolymers can be superimposed with those obtained for propene/higher α-olefins reported earlier [6] . Hence, the crystallization temperature of propene copolymers with higher α-olefins, starting from 1-hexene, depends only on the amount of comonomer, but it is independent of the nature thereof. It is striking that the melting and crystallization temperatures of the copolymer series discussed here are just separated by a constant and, therefore, the melting and crystallization curves for the various copolymer series are represented by parallel lines (Fig. 2) .
It should be noted that crystallization experiments, investigating the influence of molar masses in temperature rising elution fractionation (TREF), have indicated that the crystallization behaviour of polyolefins above a molar mass of 15 000 g/mol is independent of chain length [11] .
Conclusion
Melting points of random propene copolymers with 1-olefins ranging from 1-hexene to 1-octadecene decrease linearly with increasing amount of comonomer incorporated, while the melting point depression is independent of the nature of the comonomer. In contrast, random propene copolymers with short chain α-olefins, namely propene/butene and propene/pentene copolymers, feature higher melting points.
Although the Flory theory describes a system under equilibrium conditions and, therefore, is not applicable to dynamic measurements, at least qualitatively the results can be appreciated on the basis of this theory when it is reasoned that longer branches are excluded from the crystal lattice, while shorter branches can at least be partially included. Or it might be argued that the effect of the branches is to disrupt crystallisable sequences of polymer. As the branches become longer, the effect is more pronounced, until such a branch length is reached that the effect becomes constant. In this case it would appear as branch lengths of ≥ 4 carbons are equally disruptive of crystallization.
It is striking that the crystallization temperatures determined either from melt or from solution are separated from the melting temperatures of the copolymers only by constant factors. The linear dependence of the depression of either melting or crystallization temperatures from the comonomer content can feature as a calibration curve and permits the determination of the comonomer content for unknown random propene copolymers.
Experimental part

Polymerization reactions
Propene, polymerization grade, was obtained from Fedgas (Johannesburg, SA) and purified by passing through a column containing BASF catalyst R 3-12. Toluene was dried by refluxing over sodium and distillation under inert gas atmosphere. All reactions were carried out under inert gas atmosphere using Schlenk techniques. The polymerization reactions were carried out in a 350 ml stainless steel Parr autoclave with inlet valve and pressure gauge. A glass liner was used in the reactor. Typically, the reactor was charged in an inert atmosphere with the catalyst (0.52 µmol in 3 ml toluene), MAO (10% solution in toluene) and 50 ml toluene. The catalyst solution was stirred for 5 min and subsequently the comonomer was added. Subsequently the reactor was pressurised with propene and stirred at room temperature for 3 h. The ratio of Zr to Al was maintained at 1 : 6000 for all reactions. The reaction was quenched with acidic methanol. The precipitated copolymers were washed with methanol and dried in a vacuum oven at 60°C.
DSC measurements
DSC measurements were carried out on a Pyris 1 from Perkin Elmer in nitrogen atmosphere. In order to ensure an identical thermal history the copolymers were heated from -50 to 180°C and subsequently cooled from 180 to -50°C at a rate of 10°C/min. A sample amount of 5 -10 mg was used. The maximum of the exotherm in the cooling cycle was utilized to determine the crystallization temperature, T c (DSC) , from melt. Subsequently, the melting endotherm was recorded while heating the sample to 180°C at a heating rate of 10°C/min. The peak maximum of the second heating cycle was used to determine the melting temperature, T m .
Molar mass determination
Gel permeation chromatographic analyses of the polymers were performed at a flow rate of 1.0 ml/min in 1,2,4-trichlorobenzene at 140°C using a Waters 150C high temperature GPC system. A column set consisting of five columns HT2 -HT6 (Waters) was used. The average molar masses were determined with reference to a polystyrene calibration curve.
NMR spectra 13 C NMR spectra were recorded at 100°C on a Varian VXR 300 in a 9 : 1 mixture of 1,2,4-trichlorobenzene/C 6 D 6 , using C 6 D 6 at 128.6 ppm as internal secondary reference. The pulse angle was 45° and the repetition time was set at 0.82 s. Calibration spectrum: In order to calculate the degree of error involved, a gated proton decoupling experiment (decoupler gated off for 4.2 s) with a long repetition time of 5.02 s was conducted. The integrals obtained by means of this experiment were used to correct the results obtained by means of the normal (faster) experiments.
CRYSTAF
A CRYSTAF apparatus model 200 from Polymer Char S.A. (Valencia, Spain) was used to perform the fractionation. About 20 mg of sample was dissolved in 30 ml of 8 distilled 1,2,4-trichlorobenzene. The temperature was decreased at a rate of 0.1°C/min between 100 and 30°C. Fractions were taken automatically and the polymer concentration in solution was determined with an infrared detector using a measuring wavelength of 3.5 µm.
